I
schemia of the hand remains difficult to treat, particularly in patients with an underlying vasospastic or collagen vascular disorder. The role of surgery has traditionally been limited to more severe conditions involving critical ischemia. Surgical procedures in these patients may consist of vascular or microvascular bypass surgery, proximal and distal sympathectomy and often, unfortunately, revision amputation (1) .
Phosphodiesterase (PDE) inhibitors, such as sildenafil (Viagra, Pfizer UK), act by relaxing constricted blood vessels via inhibition of the enzyme that is involved in maintaining proper blood vessel tone. PDE inhibitors increase the concentration of vasodilating mediators, resulting in increased blood flow. This class of drugs has been approved for the treatment of erectile dysfunction; however, off-label use extends to disorders in which vasodilation can confer therapeutic benefits. Such conditions include primary pulmonary hypertension (2) , as well as learning and memory processes associated with aging (3, 4) .
In the present article, the successful use of a PDE inhibitor in a patient presenting with ischemia of the hand is described, and the evidence about this class of drugs in other conditions such as Raynaud's disease and systemic sclerosis (scleroderma) is reviewed. The potential benefits of PDE inhibitors in skin flap survival and minimization of ischemic necrosis, as demonstrated by a number of preliminary animal studies, are also reviewed.
Case presentation
A right-handed 57-year-old baker presented with episodes of a painful, swollen, left index finger associated with purple discolouration of the fingertip (Figures 1 and 2 ). The intensity of the pain fluctuated during the day, at times becoming excrutiating. Workup revealed no proximal arterial obstruction or possible source of obstructing emboli, and no other underlying systemic illness. Doppler studies (pre-and postmetacarpal block anesthesia) revealed a spastic vasoconstrictive component. A diagnosis of primary Raynaud's disease was made.
The patient was started on a trial of nifedipine PA (Adalat, Bayer Schering Pharma, Germany) at a dose of 10 mg taken orally, twice a day, to relieve vasospasm, 81 mg of acetylsalicylic acid (ASA) to reduce platelet aggregation, and hydromorphone (Percocet, Endo Pharmaceuticals, USA) for pain. However, after two weeks, there was no relief of symptoms, and ischemic ulceration of the fingertips appeared. The patient was then referred for digital microscopic sympathectomy. Two days following sympathectomy, his pain, discolouration and decreased digital temperature had markedly improved, although he experienced mild neuropraxia. He was started on a course of OriginAl Article ©2010 Pulsus Group Inc. All rights reserved WKY ng, Y rosenblatt, GB Brock, DB o'Gorman, Bs Gan. phosphodiesterase inhibitors in vascular ischemia: a case report and review of their use in ischemic conditions. Can J plast surg 2010;18(1):e5-e9.
The treatment of digital ischemia remains difficult. Sildenafil (Viagra, Pfizer UK), a selective phosphodiesterase inhibitor, increases blood flow and is currently marketed for the treatment of erectile dysfunction. A case of a 57-year-old man with progressive episodic ischemia and pain of the fingertips resulting in finger tip ulceration is presented. After failure of medical and surgical management, a trial of oral sildenafil resulted in marked symptomatic improvement of his bilateral digital ischemia. Review of the literature shows that, particularly in patients with an underlying disease such as scleroderma with a vasospastic component, a marked improvement in digital blood flow may be observed with sildenafil use. Overall, based on a number of case reports and preliminary animal studies in the literature, sildenafil appears to have a growing significance in the treatment of hand ischemia. Similarly, there is evidence that phosphodiesterase 5 inhibitors may be used as an adjunct to improving skin flap survival. physiotherapy to regain range of motion. Unfortunately, by the 10th postoperative day, his symptoms relapsed. ASA administration was increased to 325 mg daily, and nitropaste ointment 2% was applied twice a day to the base of the index finger. Within two weeks, the finger appeared pink and warm, with improved capillary refill. Ulcers at the tip of his finger completely healed. Four months following surgery and without further nitropaste application, the patient was symptom free and was discharged on ASA and nifedipine. However, one year following his initial presentation, the patient noted an increasing sensation of coldness with blue discolouration, this time affecting all digits of both hands. There was a small ulceration on the tip of his right ring finger. Nifedipine was increased to 10 mg taken orally three times a day, and pentoxifylline (Trental, sanofi-aventis US) 400 mg taken orally, twice a day, was added. However, following three additional weeks of medical treatment, the patient noted no change and his pain remained severe.
Rather than advocating bilateral multidigit sympathectomy, a trial of sildenafil (Viagra) at 50 mg taken orally, once daily, was started. Within hours of first administration, his pain and ischemic symptoms disappeared ( Figure 3 ). Three months later, he remained symptom free on this dose of sildenafil (Viagra) without reported side effects. Unfortunately, the insurance company denied the patient reimbursement for the medication -the patient was forced to discontinue the drug. Within one week, the pain returned and the medication was restarted with excellent pain relief. The patient remains symptom free while on the drug, but has experienced recurrence of pain when he runs out of medication. The drug is now provided by the manufacturer on compassionate grounds.
DisCUssion
Ischemia of the distal extremities remains difficult to treat. Currently, the mainstay of management of this entity consists of ruling out proximal arterial obstruction or arterial emboli through ultrasound, angiography and/or echography. Further medical workup may include an autoimmune screening panel to rule out underlying collagen vascular disorders and or vasculitis. A workup to differentiate between structural obstruction and vasospasm may consist of digital Doppler plethysmography before and after administration of a pharmacological sympathetectomy by metacarpal block anesthesia (5) .
Primary treatment is usually aimed at concomitant disease, which may contribute to the ischemia, such as scleroderma or vasculitis (6) . Lifestyle modification including smoking cessation, abstinence from caffeine and other vasoconstricting agents should be instituted. Symptomatic relief may be obtained with vasodilating agents including calcium antagonists, topical nitrate application, and agents that may improve hemorheology such as ASA, pentoxifylline (Trental) or even full systemic anticoagulation. The latter may also be helpful in cases of suspected embolic events resulting from, for example, atrial fibrillation. ASA and pentoxifylline and its metabolites improve the flow properties of blood by decreasing its viscosity. In patients with chronic peripheral arterial disease, this increases blood flow to the affected microcirculation and enhances tissue oxygenation.
In cases with proximal vascular obstruction, surgical bypass may be helpful and, in extreme cases without clear cause, surgical management may consist of sympathectomy. The latter can be performed at various levels including proximal (eg, brachial plexus) or distal, such as at the level of the metacarpals (5,7). However, despite combination treatment, ischemia can be irreversible, causing necrosis of the tips of the digits and a possible requirement for revision amputation. Nonetheless, because healing is often compromised in these cases, most surgeons advocate a conservative approach (8). The present case illustrates the difficulties associated with digital ischemia with a recurrent relapsing clinical picture and inability to control symptoms with a multipronged conventional approach. In the end, because of the widespread vasospastic picture that the patient exhibited, an alternative medication was used to achieve vasodilation.
Sildenafil (Viagra) is a synthetic PDE inhibitor currently approved for the treatment of erectile dysfunction (9) . Using this medication, pain and other ischemic conditions were controlled in a variety of patients who had no clear underlying illness. However, a number of patients with digital ischemia resulting from concomitant illness, such as scleroderma with resultant intractable pain, were also treated. In several patients, after institution of sildenafil, revision amputation of already irreversibly ischemic fingertips was performed, without any subsequent wound healing problems. Because the advent of PDE inhibitors has largely occurred outside of the direct scope of plastic surgery, some of the evidence that documents the possible benefits of the use of this class of medication in our specialty will be reviewed.
Mechanism of action and systemic effects of pDe inhibitors
There are 11 isoenzymes of PDE, with different distributions throughout the body (10). In particular, PDE type 5 (PDE5) is located in vascular tissue such as blood vessels, platelets and vascular smooth muscle. Pfizer in the United Kingdom originally developed sildenafil with the intent of augmenting the nitric oxide (NO)/ cyclic GMP (cGMP) pathway for the treatment of angina pectoris in coronary artery disease patients (11 (12) , and have become blockbuster drugs with annual sales in the $3 billion range.
In the penis (and presumably in other vascular tissues), vascular smooth muscle relaxes through the synthesis of NO (Figure 4 ). Erection begins with neural stimulation from the cavernous nerves, which releases NO and induces an increase in cGMP, leading to activation of protein kinase G (PKG). PKG phosphorylates proteins that regulate corporal smooth muscle tone by regulating Ca 2+ sequestration. Ca 2+ sequestration results in smooth muscle relaxation and increased vascular flow. PDEs play a key role in the physiology of erection because these enzymes hydrolyze both cGMP and adenosine 3′,5′-cyclic monophosphate. Isoforms PDE2, 3, 4 and 5 appear to be the dominant isoforms in the corpus cavernosum. Selective inhibition of PDE5 prevents the breakdown of cGMP, thus promoting the corpus cavernosum smooth muscle to relax, and potentiating erections during sexual stimulation (13) . Many of the other effects of the members of the PDE family of enzymes have now been documented, and intersection with other second messenger systems has also been delineated ( Figure 5 ).
The use of PDE5 inhibitors has been expanding in many areas since their introduction. Systemic effects of PDE5 inhibitors include reducing pulmonary systolic and diastolic arterial pressures and arteriolar resistance, both arteriodilating and venodilating properties on peripheral vasculature, antiaggregatory effects on platelets, induction of smooth muscle relaxation and inhibition of peristalsis by NO-mediated cGMP pathways. There is an unclear effect on cardiac contractility. Long-term chronic use of PDE5 inhibitors thus offers beneficial pulmonary and cardiac effects (14) . Its effects on blood flow are noticeable in the alleviation of disorders associated with decreased blood flow. As a result, in addition to its established role in the treatment of erectile dysfunction, these drugs have been used successfully for other conditions, such as primary and secondary pulmonary hypertension, congestive heart failure and diabetic neuropathy (11, (15) (16) (17) . There is also mounting evidence that sildenafil may be beneficial in the treatment of Raynaud's phenomenon, joint stiffness and fibrosis in systemic sclerosis, and digital ischemia (18) (19) (20) .
NO stimulates guanylyl cyclase-converting GTP to cyclic GMP (cGMP). cGMP activates protein kinase G (PK-G), which results in sequestration of Ca 2+ and subsequent smooth muscle relaxation and erection. Detumescence occurs when cGMP is metabolized to 5′ GMP by the enzyme PDE5, resulting in inactivation of PK-G. The PDE5 inhibitor (PDE5i) inhibits conversion of cGMP to 5′ GMP and, thus, results in prolonged activation of PK-G and potentiation of erection. Endothelial NO synthase also plays a role in erection, but for simplification has not been included in the figure
Predictable adverse effects occur in approximately 20% of patients including headache, nasal congestion and flushing (21) . Rarely, sildenafil use may result in vision loss (22) (23) . The drug is contraindicated in patients taking nitrates, due to potential hypotension. Relative contraindications to the use of PDE5 inhibitors include alpha-blockers and antihypertensive medications. The concurrent use of potent cytochrome P450-3A4 inhibitors (such as erythromycin, ketoconazole or itraconazole) or the nonspecific CYP inhibitor, cimetidine, has been associated with increased plasma levels of PDE5 inhibitors; however, the clinical relevance of these observations remains controversial (11) . A recent review (24) on the effects of sildenafil on fatal cardiac events seem to indicate that sildenafil, in fact, may confer a protective effect in the absence of coadministration with alpha-blockers or NO donors.
pDe5 inhibitors and peripheral ischemia
It has been suggested that PDE5 inhibitors may be appropriate in patients with severe symptoms associated with Raynaud's disease when traditional vasodilator therapy has failed (25) . Mean frequency of Raynaud's attacks was lower, cumulative attack duration was shorter, and mean capillary flow velocity was improved after sildenafil (15) and alprostadil treatment (26) . In a group of patients with Raynaud's phenomenon associated with systemic sclerosis, use of sildenafil resulted in a reduced frequency and severity of Raynaud's attacks, and 75% of patients who had digital ulcers refractory to conventional treatment experienced complete ulcer healing. The patients who did not experience ulcer healing with sildenafil were believed to have fibrosis or occlusion of vessels that did not allow greater vasodilation (27) . In a patient with chemotherapy-induced Raynaud's phenomenon, tadalafil was effective in treating these ischemic symptoms (28) .
In a small group of patients with autoimmune disease and progressively severe digital ischemia despite treatment with various other medications, sildenafil provided immediate subjective and objective improvements, such as improved digital circulation and pain, extremities becoming warm and less discoloured, or healing of toe ulcers. Interestingly, in several patients, worsening Raynaud's phenomenon and digital ischemia occurred after the initiation of antituberculosis chemotherapy. It was noted that rifampicin, which enhances sildenafil elimination through induction of P450 enzymes, worsened outcome and led to rapid development of digital gangrene (29) , suggesting that PDE5 inhibition did indeed confer a vasodilating effect. Suggested doses in various clinical studies (15, 25) that exhibit beneficial activity of PDE inhibitors include sildenafil (Viagra) 50 mg twice daily, vardenafil (Levitra) 10 mg twice daily, and tadalafil (Cialis) 20 mg every two to three days, although further studies are needed to delineate optimal dosing suggestions. Other doses that have been examined in clinical human studies include starting doses of sildenafil (Viagra) ranging from 12.5 mg/day to 100 mg/day in single or divided doses (20, (26) (27) (28) (29) . The patient described in the present study was weaned to a 50 mg dose every three days, which is the lowest dose and longest interval that seems to be effective in this patient.
sildenafil in ischemic animal studies
Over the past few years, sildenafil has also been studied in animal models to determine its efficacy in minimizing ischemia and promoting skin flap survival. In a mouse hind limb ischemia model, sildenafil significantly increased vascular perfusion, tissue blood flow and vascular density, as measured by angiography, laser Doppler techniques and change in immunological markers (16) . The sildenafil-mediated angiogenic activity was blocked by inhibition of PKG using the PKG antagonist, DT3. PKG is an important mediator of ischemia-induced angiogenesis, suggesting that sildenafil enhances ischemia-induced angiogenesis through a PKGrelated pathway (16) .
Using a rat dorsal random-pattern skin flap, administration of sildenafil in fibrin glue resulted in a significant decrease in flap necrosis, suggesting that topical sildenafil application improves flap survival in rat models (30) . In a similar study (31) , distally based dorsal skin flaps investigating sildenafil showed dose-dependent effects on random flap survival in rats, with higher doses and shorter intervals increasing efficacy. When examining the combined effects of sildenafil and vascular endothelial growth factor, the group receiving sildenafil and vascular endothelial growth factor in combination was not significantly different from the group of rats treated with sildenafil only, suggesting that the enhanced flap survival was only due to the effect of sildenafil (32) . Timing of the beneficial effects of sildenafil has also been studied; administration of sildenafil may be more important in early rather than later postoperative skin flap viability (33) .
Aside from sildenafil, other PDE5 inhibitors may also offer flap survival benefits. Tadalafil has similarly shown increased skin flap survival, as well as vasodilation of the choke vessels between adjacent angiosomes and formation of true anastomoses (34) .
Overall, these animal studies appear to provide mounting evidence that PDE5 inhibitors improve survival of skin flaps, decrease comparative skin flap necrosis, and may be more valuable in terms of efficacy as early rather than later treatment.
sUMMarY
The benefits of PDE5 inhibitors have been examined in patients with Raynaud's phenomenon and with scleroderma. From the currently available literature, it appears that PDE5 inhibitors can play a role in the management of these disorders. In addition, it appears that there are possible advantages of PDE5 inhibitors in minimizing skin flap necrosis and combating extremity and flap ischemia. We hope that the present article promotes further studies of the emerging role for PDE5 inhibitors in the treatment of digital ischemia. Such studies may be able to outline optimal dosing requirements and the possible mechanisms and indications for this class of drugs.
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